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Origin and Neofunctionalization
of a Drosophila Paternal Effect Gene
Essential for Zygote Viability
of a ubiquitously expressed gene before the radiation
of the melanogaster subgroup, followed by a period of
rapid divergence and acquisition of a critical male germ-
line-specific function. Interestingly,K81 has adopted the
expression profile of a flanking gene suggesting that
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evolution studies of recently evolved Drosophila genes
show that gene duplication, bymeans of DNA transposi-
tion or RNA retroposition, is involved in all cases [1–6]
Summary (reviewed in [7]). Interestingly, three of these genes are
male-specific genes, supporting the general idea that
Background:Although evolutionary novelty by gene du- male reproductive functions are subject to rapid molec-
plication is well established, the origin and maintenance ular evolution [8, 9]. Likewise, older genes such as the
of essential genes that provide entirely new functions male-specific Drosophila gene Odysseus, required for
(neofunctionalization) is still largely unknown. Drosoph- sperm development, have undergone positive selection
ila is a good model for the search of genes that are [10, 11].
young enough to allowdeciphering themolecular details It is also interesting to note that, to our knowledge,
of their evolutionary history. Recent years have seen such recently created genes have not yet been studied
increased interest in genes specifically required formale by classical genetic approaches and, therefore, their
fertility because they often evolve rapidly. A special functional significance has not been directly assessed.
class of genes affecting male fertility, the paternal effect Genetic analysis has identified a particularly interesting
genes, have also become a focus of study to geneticists classofmale reproductive genes that act during fertiliza-
and reproductive biologists interested in fertilization and tion, the paternal effect genes. Paternal effects identify
sperm-egg interactions. male contributions to fertilization and zygote formation
Results: Using molecular genetics and the annotated (reviewed in [12–14]). Paternal effects are extremely
Drosophila melanogaster genome, we identified CG14251 rare—of the approximately 1500 genes known to affect
as the Drosophila paternal effect gene, ms(3)K81 (K81). male fertility [15], only four strict paternal effect mutants
This assignment was subsequently confirmed by P-ele- have been reported to date. Males homozygous for the
ment rescue of K81. A search for orthologous K81 paternal effect mutationms(3)K81 (K81) produce motile
sequences revealed that the distribution of K81 is sur- sperm capable of entering the egg, but the resulting
prisingly restricted to the 9 species comprising themela- embryos fail to hatch [16–18]. In wild-type eggs fertilized
nogaster subgroup. Phylogenetic analyses indicate that by sperm from K81 homozygous males, paternal chro-
K81 arose through duplication, most likely retroposition, mosomes systematically fail to properly separate sister
chromatids during the first zygotic division (Figure 1,
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fore suggests that K81 function could be required for6Present address: Department of Biology and Biochemistry,Univer-
the proper organization of sperm chromatin that takessity of Bath, 4 South Building, Claverton Down, Bath BA2 7AY,
United Kingdom. place during spermiogenesis.
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Results
Molecular Identification of K81
The original K811 mutant allele was mapped near the
rough gene on chromosome 3Rby its noncomplementa-
tion with the Df(3R)roXB3 deficiency (97D2-9) [18]. The
generation of small noncomplementing deficiency al-
leles of K81 (K812-6) mapped this gene to an 1 kb
interval between Rb97D and rough [18]. The Drosophila
genome project [20] predicts a single gene, CG14251,
within this region with anORF of 184 amino acids (Figure
2A). We amplified and sequenced CG14251 from wild-
type and K811 homozygous flies. As expected, the 555
bp coding sequence was identical to the predicted
CG14251 gene. Sequences from K811 were identical to
CG14251 with the exception of a 38 bp insertion near
its 5 end. This insertion contains a 30 bp match to the
inverted terminal repeats of the Drosophila P-element
transposon and an 8 bp duplication of the insertion site
(Figure 2B) strongly suggesting that the mutation arose
from the imperfect excision [21] of a natural P element
fromCG14251. This insertion results in a premature stop
codon after the first 15 residues of the predicted protein
(Figure 2B). Thus, the molecular nature of this lesion is
consistent with genetic evidence that K811 is an amor-
phic mutation. To demonstrate that this mutation in
CG14251 is responsible for the K81 phenotype, we per-
formed rescue experiments of the mutant phenotype
with a transgene containing a wild-type copy of CG14251
(Figure 2A). This transgene fully rescued the fertility of
K811/K811, K812/K812, andK811/K812mutantmales (data
not shown), thus confirming that CG14251 is the
ms(3)K81 gene.
K81 Is Expressed in the Male Germline
Figure 1. The K81 Paternal Effect Phenotype at the First Zygotic Expression of K81was analyzed by RT-PCR using prim-
Division ers designed from the coding sequence. As expected
Confocal images of eggs from y w67 control females crossed with for a paternal effect gene, K81 expression was not de-
K811/ K811 males and stained for tubulin (green, left panels) and tected in agametic males derived from tudor mutant
DNA (red, middle panels).
mothers [22]. However, very weak expression was also(A) Metaphase of the first zygotic division with both sets of parental
detected in wild-type females (Figure 3A). In males, K81chromosomes visible on the metaphase plate.
expression is first detected during larval stages onward(B) Anaphase of the first zygotic division: paternal chromosomes
(arrow) are unable to separate sister chromatids and form a chroma- to adult (data not shown). We constructed a K81::GFP
tin bridge that stretches between the spindle poles. The aberrant fusion reporter transgene under the control of the K81
chromosomes were inferred as paternal based on the original work upstream regulatory sequences. In transgenic adult
of Fuyama [16] demonstrating only genetically marked female chro-
males, K81::GFP accumulated in primary spermatocytemosomes were transmitted to impaternate female progeny. The
nuclei, confirming that K81 is expressed and translatedmaternally derived chromatids separate normally (arrowheads).
in the male germline (Figure 3B). K81::GFP is not de-(C) Metaphase of the second zygotic division. Paternal chromatin
(arrow) typically bridges between the two haploid zygotic nuclei that tected in later stages, suggesting that the postfertiliza-
contain maternally derived chromosomes (arrowheads). Asterisks tion phenotype of K81 could be a late consequence of
indicate the presence of endosymbiotic bacteria Wolbachia that a subtle and so-far-undetected premeiotic defect.
accumulate around spindle poles. Wolbachia naturally infects the y
w67 strain but does not have an effect on the K81 phenotype (B.L.
and T.L.K, unpublished data). The K81 Gene Is Restricted
to the melanogaster Subgroup
Extensive database searches for orthologs of K81 failed
to find significant homology outside D. melanogaster.In this study we provide the molecular identification
of K81 and further demonstrate that the phylogenetic Our unsuccessful BLAST search for K81 orthologs in-
cluded the recently availableD. pseudoobscuragenomedistribution ofK81 is restricted to themelanogaster sub-
group. We propose a model for the recent origin and sequence (Baylor Human Genome Sequencing Center,
http://www.hgsc.bcm.tmc.edu/projects/Drosophila/). Al-evolution of K81 and discuss a possible evolutionary
scenario for its subsequent neofunctionalization. though it is known that a significant fraction (18.6%) of
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Figure 2. Identification of the K81 Gene
(A) Representation of theK81 genomic region
(97D, chromosome 3R) with predicted genes
(light gray bars) and the genomic fragment
used in the K81 rescue experiment.
(B) Comparison of nucleotide and deduced
amino acid sequences at the 5 region ofwild-
type (top) and K811 (bottom) regions of the
CG14251 gene showing the 38 bp DNA inser-
tion (box) and the 8 bp duplication (bold) in-
dicative of a P-element insertion/excision
event.
D. melanogaster genes have no ortholog in the distantly subgroup. In contrast, dot blot analyses failed to detect
K81 in either distantly related species (D. hydei,D. pseu-related mosquito Anopheles gambiae [23], D. melano-
gaster genes that are not conserved in D. pseudoob- doobscura, and D. willistonii) or other more closely re-
lated members of the melanogaster group (D. kikkawai,scura are relatively rare [24], which led us to search for
the gene in species more closely related to D. melano- D. takahashii, D. ananassae, and D. elegans). Sequence
obtained from the Rb97D-rough region from D. elegansgaster. We successfully amplified and sequenced K81
orthologs in all members of themelanogaster subgroup. that gave the strongest background signal in the dot
blot experiment confirmed the absence of K81 at thisIn contrast, PCR failed to amplifyK81-related sequences
from species outside the melanogaster subgroup. To locus (data not shown). Thus, we conclude that K81 is
restricted to the melanogaster subgroup.further confirm this result, the distribution of K81 through-
out the genusDrosophilawas surveyedby genomicDNA Significant homology to K81 was found to CG6874, a
gene predicted to encode a 221 amino acid proteindot blot assays in representative Drosophila species
for which we had been unsuccessful in obtaining PCR (Figure 5A). Homology is particularly strong with K81 at
each end with a divergent central region (Figure 5A).products (Figure 4). As expected, this probe gave posi-
tive signals for all tested species from themelanogaster CG6874 maps to 75E1 on 3L and its protein, like K81,
Figure 3. K81 Is Expressed in the Male
Germline
(A) RT-PCR analysis showing K81 expression
in adult males, testis, and very low levels in
females. K81 expression is not detected in
agametic males from tud1/tud1 mothers or
in K812/K812 control males. As a general PCR
control, Ribosomal Protein gene Rp49, a
ubiquitously expressed gene,was used. Also,
an additional control for male germline-spe-
cific expression in D. melanogaster was per-
formed with the Male-specific-transcript-
35Ba [44].
(B) Testis of a transgenic male carrying a
K81::GFP fusion construct. The K81::GFP
protein is detected in primary spermatocyte
nuclei (arrow) with an accumulation in the
presumptive nucleoli (brighter spot in sperm-
atocyte nuclei). Asterisk indicates the posi-
tion of the apical tip of the testis. The scale
bar represents 10 m.
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ated by either DNA duplication of a preexisting gene [4,
27] or through the retroposition of a processed mRNA
from a precursor gene [2, 3, 6]. We thus considered
the possibility that K81 was created by a duplication of
CG6874 in the common ancestor of the melanogaster
subgroup. Although the absence of introns in CG6874
prevents us distinguishing either possible duplication
mechanism, the fact that these twogenes are in different
genome regions supports the hypothesis thatK81 arose
by random retroposition of an ancestral CG6874mRNA.
Also supporting this idea is the fact that two more an-
cient genes tightly flank K81 (Figure 5B). We could not
find any clear evidence of known retroposition land-
marks around the K81 gene, such as the presence of
a poly-A tract or flanking short direct repeats. These
landmarks are present in retroposed genes that have a
very recent origin [2, 6] but are presumably no longer
detectable for the more ancient K81 gene.
Theory predicts that a period of relaxed functional
constraint follows gene duplication due to functional
redundancy, and that fixation of duplicated genes in-
volves subsequent functional diversification [28, 29]. In-
terestingly, Rb97D, the gene immediately upstream of
Figure 4. Genomic Dot Blot Analysis of K81 Showing Its Phyloge- K81 (Figure 2A), is specifically expressed in primary
netic Restriction to the melanogaster Subgroup spermatocytes [30], suggesting that K81 could share
We used a K81 probe to the most highly conserved 5 region to Rb97D’s regulatory sequences. If this is the case, the
avoid any cross hybridization with the conserved 3 end of CG6874. ancestralCG6874 duplicate could have rapidly acquired
Each horizontal lane contains six decreasing dilutions of genomic
male germline-specific expression. Such spatiotempo-DNA from each indicated species. Hybridization with a D. melano-
ral expression partitioning has been observed [31–33]gaster K81 probe (left panel) gives positive signals only for the
and is a simple means to produce functional diversifica-species of the melanogaster subgroup. The K812/K812 lane is used
as a control for evaluating the level of nonspecific hybridization with tion between a progenitor gene and its duplicate. Inter-
the K81 probe. Lanes that give signals weaker or equal to the K812/ estingly, RT-PCR analysis showed that CG6874 is ubiq-
K812 signals are considered negative for the K81 gene. The right uitously expressed (including the testis) in adult flies of
panel shows the control hybridization with a melanogaster Rp49
both sexes (data not shown). It therefore seems likelyprobe. This autoradiography was obtained after washing the mem-
that acquisition of K81 function reflects the fortuitousbranes at an intermediary stringency (see Experimental Procedures).
male germline-specific expression of the new CG6874
duplicate. Consistent with this evolutionary scenario,
is encoded by a single exon. CG6874 has a clear or- accelerated amino acid substitutions occurred on the
tholog in D. pseudoobscura, and microsynteny of the lineage following the creation ofK81 prior tomelanogas-
locus is conserved between the two species (data not ter subgroup divergence (Figure 5C), and may be attrib-
shown). In contrast, no K81 sequence homology was uted to relaxed purifying selection on the duplicated
observed in the 1 kb region that separates the D. pseu- genes and/or the impact of Darwinian selection during
doobscura Rb97D and rough orthologs (Figure 5B). the neofunctionalization of K81 [1, 7, 10, 31, 34].
Although the function of CG6874 has yet to be deter-
Discussion mined, P-element disruption of this gene is lethal, thus
demonstrating that CG6874 encodes an essential gene
A Scenario for the Origin and Evolution of K81 (B.L., unpublished data). Some indication of function
The alignments of the K81 sequences obtained from the is evidenced by two independent microarray analyses
melanogaster subgroup species clearly revealed a high showing that CG6874 expression is positively regulated
degree of sequence identity and conservation. All evolu- by both the E2F1 transcription factor [35] and the onco-
tionary rate comparisons between sister species and gene Ras [36]. E2F1 is known to activate target genes
across the melanogaster subgroup reveal conservative required for G1/S progression, DNA replication, and mi-
and homogeneous rates consistent with purifying selec- tosis, whereas Ras is a well-known inducer of cell prolif-
tion throughout the subgroup (Table 1). We also verified eration. Thus, these data implicate CG6874 in cell cycle
that these K81 orthologs are expressed in adult males progression. It will be of interest to determine the func-
(Figure 3A), suggesting a conserved function for K81 tional relationship between the presumed general role of
within the subgroup. CG6874and the function ofK81 in primary spermatocyte
The restricted distribution of K81with themelanogas- cells.
ter subgroup suggests that this gene was created and
fixed in a common ancestor to this subgroup after the Conclusions
obscura-melanogaster group divergence (30Mya) [25,
26]. Previous studies have shown that genes restricted The combined use of molecular genetics and compara-
tive evolutionary genomics has provided insights intoto themelanogaster subgroup were most probably cre-
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Figure 5. Evolutionary Genomics of K81 and CG6874 Genes
(A) Homology among representative K81 and CG6874 genes. Closed bars depict protein-coding regions; open bars depict untranslated
portions of the cDNAs. Amino acid identities between proteins are given for individual domains.
(B) Vista plot comparison of annotated genes in the 97D region of D. melanogaster and D. pseudoobscura demonstrating lack of K81 sequence
homology.
(C) Protein phylogeny of K81 and CG6874. The phylogeny was created from alignable regions using D. pseudoobscura CG6874 as an outgroup.
the origin of K81 and the evolution of its essential germ- evolution were key steps in the neofunctionalization of
K81. As such, K81 is an example of the recent creationline function. The molecular evolutionary and phyloge-
netic reconstruction of K81 suggests that gene dup- of an essential cellular function. This finding advances
the concept that the evolution of novel and importantlication, transcriptional coregulation, and adaptative
Current Biology
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the evolutionary history of CG6874 and K81 were conducted byTable 1. Evolutionary Analysis of K81 within the melanogaster
placing total character differences on the phylogeny using the ex-Subgroup
haustive search algorithm in PAUP* 4.0 [43].
Ka Ks Ka/Ks
Reverse Transcription AnalysisWithin mel Clades
Total RNA was extracted by the Trizol method (Invitrogen) and first-D. mel versus D. mau 0.030 0.129 0.232
strand cDNAs were synthesized with the Superscript II reverse tran-D. sim versus D. sec 0.010 0.051 0.188
scriptase (Invitrogen) and oligo-dT primers. The following primersD. yak versus D. san 0.018 0.057 0.327
were used for PCR amplification of the cDNAs: K81 simulans, K81D. ore versus D. ere 0.033 0.104 0.318
mauritiana, and K81 sechellia (accession numbers: AJ627280,Across mel Subgroup
AJ627281, and AJ627282, respectively), (5-ATGTCGGATTCGCCCCD. ere versus D. sim 0.084 0.400 0.210
ATG-3 and 5-TAGTGGTTGATTCTTGCTCCTC-3).D. ere versus D. mel 0.073 0.409 0.179
K81 yakuba and K81 erecta (accession numbers: AJ627283 andD. yak versus D. sim 0.085 0.404 0.211
AJ627284, respectively), (5- ATGTCGGATTCGCCCCATG-3 and 5-D. yak versus D. mel 0.083 0.453 0.183
TTGTTCTTCAGCCTGTAGAGCC-3).
AllKa/Ks ratios are significantly lower than unity, p 0.0001 [41]. Note K81 santomea (accession number: AJ627285), (5-AGTTCGGTC
that comparisons across the mel subgroup are nonindependent. GGTTGATAAAC-3 and 5- GTCGTGGCCAATGGTTTTATGAGC-3).
K81 orena (accession number: AJ745103), (5-ACATCGACCACCTT
GCCCCACTG-3 and 5- GTCGTGGCCAATGGTTTTATGAGC-3).
Rp49 (5-AAGATCGTGAAGAAGCGCAC-3 and 5-ACTCGTTCT
functionality is an ongoing process and is contrary to the CTTGAGAACGC-3),
commonly held belief that critical biological functions Mst35Ba (5-CCAATAAGGAGAGCACCTCA-3 and 5-CTTTCT
ATTCTCCGAGAGCCT-3), and CG6874 (5-AGCGGAGATTCTGCGrepresent ancient evolutionary origins. Finally, further
CAGTC-3 and 5- CTAACCACCTGTGGTTCCCA-3).study of K81 and other paternal effect genes may pro-
vide additional insight into the roles gene duplication
Dot Blot Analysisand neofunctionalization have played in the evolution
Genomic DNA were prepared from young adult males and were
of sperm function in Drosophila. The inferred role of K81 agarose gel quantified with the Bio-Profil image analysis software
also suggests male-contributed proteins may have a (Vilber Lourmat). Dilutions of genomic DNA were blotted on a nylon
more prominent role in fertilization and early embryogene- membranewith a 96-wellsmanifold.Membraneswere prehybridized
and hybridized overnight in low stringency conditions at 42C in asis than currently recognized [37, 38].
Denhart’s 5, formamide 20%, 5 SSC, 0.5% SDS, and 0.1 mg/ml
salmon sperm solution. Probes were purified PCR products labeledExperimental Procedures
with dCTP-32P with a random priming labeling kit (Ready-to-go,
Amersham). The K81 and Rp49 probes were amplified fromD. mela-Immunofluorescence and Confocal Microscopy
nogaster Oregon-R genomic DNA using the primers 5-ATGTCGEggswere collected every 15-20min, fixed and stained as described
GATTCGCCCCATG-3 and 5-TAGTGGTTGATTCTTGCTCCTC-3[19]. A monoclonal anti--tubulin (clone DM1A, Sigma) and a Alex-
(K81) and 5-AAGATCGTGAAGAAGCGCAC-3 and 5-ACTCGTTCTafluor 488 Goat-anti-mouse secondary antibody (Molecular Probes)
CTTGAGAACGC-3 (Rp49). Membranes were washed in 1 SSC,were used at a 1:200 and 1:500 dilution, respectively. Stained eggs
0.1% SDS at 50C (low stringency), 57C (intermediary stringency),were observed under a LSM 510 Confocal microscope (Zeiss) and
and 65C (strong stringency). After eachwashing procedure, autora-images were processed using Photoshop software (Adobe).
diography was performed using X-Omat LS films (Kodak). Autora-
diograms were scanned and images were processed with Pho-Plasmid Constructs
toshop and Illustrator software (Adobe).K81 rescue plasmid : a 1781 bpDNA fragment covering theCG14251
gene was amplified by PCR from genomic Oregon-R DNA using the
primers 5-AACATCGACCACCTTGCCCC-3 and 5-GGGCCTAA Acknowledgments
ACTACTATGCCG-3, cloned into the pGEM-T vector (Promega). The
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